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Abstract - A simple apparatus for the determination of the thermal diffusivity of black-eyed beans samples, using the transient heat 
conduction method is presented. This apparatus is a stainless steel cylindrical tube, containing the sample, placed into a constant 
temperature water bath. The variation of the temperature at the center of the tube with time is recorded. The thermal diffusivities were 
determined from the temperature-time relationship data of the sample, and the dimensions of the equipment.  The estimated thermal 
diffusivity values of the samples varied between 4.70 x 10
-8
 to 6.94 x 10
-8
 and 5.26 x 10
-8
 to 7.68 x 10
-8
 when the temperature in the water 
bath was 50
o
C and 60
o
C, respectively.  Also, the thermal diffusivity was higher when the water bath temperature was 60
o
C rather than 50
o
C 
for the sample range of particle sizes studied. As black-eyed beans are a staple food in many parts of West African, they are grown, 
harvested, and stored. The thermal diffusivity information is useful in determining the behaviour of this Argo-product when stored. 
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1 INTRODUCTION 
hermal properties of food substances are essential to 
food process engineering designers for many 
reasons. These thermal properties are used to 
predict the drying rate or temperature distribution 
within the foods when subjected to different drying, 
heating, and cooling conditions. They also allow the 
optimum design of heat transfer equipment, 
dehydrating, and sterilizing apparatus. Thermal 
diffusivity, thermal conductivity, specific heat, and 
density are the thermal properties that play essential 
roles in the design and analysis of food processes and 
processing equipment. Thermal properties for liquid 
foods are either available in the literature or can be 
predicted with good accuracy (Sweat, 1986; Tavman et 
al., 1997; Rao et al., 2014; Dou et al., 2018). However, 
thermal properties of powders, granular or porous 
products, and particulate foods are more difficult to 
predict, because of their heterogeneous structure (Okos, 
1986; Tavman et al., 1997; Yüksel, 2016). Experimental 
methods are, therefore, essential in measuring the 
thermal properties of particulate products. 
 
Poulsen, (1982), used a simple apparatus based on the 
transient heat conduction method to determine the 
thermal diffusivity of 100% lactose, 91% Fructose, 89% 
Wheat Flour, 100% purified lard and 79% mayonnaise at 
temperature ranges between 0oC and 50oC. The results of 
the work agreed well with measurements carried out by 
Kent et al. 1980). Magee and Bransburg, (1995), also 
described and used a thermal diffusivity tube, which is 
based on the transient heat conduction method to 
determine the thermal diffusivity of potato, malt bread, 
and wheat flour. Their calculations used the slope and 
log methods to obtain the thermal diffusivities of the 
products. Magee and Bransburg, (1995), results 
compared with those obtained using the predicted 
model by Martens (1980).  
 
Tavman et al., (1997) used a similar equipment to 
determine the thermal diffusivity of two varieties of 
Triticum durum wheat and a wheat product, bulgur, at 
different moisture content. The results obtained was in 
good agreement with work done by Riedel (1969), and 
Martens, (1980).  
 
*Corresponding Author   
In this study, the thermal diffusivities of various particle 
size ranges of beans were estimated, using a simple 
apparatus.  The experiments were carried out at 50 and 
60oC. The apparatus is a Thermal-diffusivity tube, which 
can be used to determine the thermal diffusivities of 
particulate material using the transient heat conduction 
method. The technique is simple in that the slope 
method is used in calculating the thermal diffusivity 
(Gordon and Thorne, 1990). Knowledge of the thermal 
diffusivity of beans is valuable because like most grains, 
these seeds are stored in warehouses before being sold to 
distributors and to those who consume it. 
 
2 METHODS AND MATERIAL 
2.1 THEORY – DETERMINING THE THERMAL DIFFUSIVITY 
The analysis of unsteady-state heat transfer in an infinite 
slab and cylinder is discussed in depth by Tavman et al. 
(1997). A linearize form of the solution for a finite 
cylinder of length l, and radius R, at a uniform initial 
temperature, Ti, exposed to a different constant 
temperature environment, Ts, and having negligible 
surface convective resistance, is given by Carslaw and 
Jaeger (1959) in equation 1 
                           
   
    
 
 
 
  
 
 
 
 
    
(1) 
Tc is temperature of at the center of the cylinder (oC) 
α  is the thermal diffusivity (m2/s)  
  is time (sec) 
Equation 1 is of the form presented in Equation 2 
               (2) 
Where  
A=                   and      
     
 
 
 
   
 
 
 
 
   
  
A plot of ln(Ts-Tc) vs. time, is a straight line. By obtaining 
the slope of the line, B, the thermal diffusivity can be 
calculated by equation 3 
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2.2 THE APPARATUS  
Figure 1 is a schematic diagram of the apparatus used in 
this study; it is similar to that used be Tavman et al., 
(1997). The apparatus consists of a thermal diffusivity 
measuring tube immersed in a constant temperature 
water bath. The thermal diffusivity measuring tube was 
fabricated at the University of Lagos Chemical 
Engineering Department Laboratory Workshop at the 
University of Lagos, Nigeria. 
 
The equipment consists of a rigid stainless steel 
cylindrical tube which holds the sample whose thermal 
diffusivity needs to be determined. The cylindrical tube 
is 5 cm in diameter and 25 cm in length. The tube is 
sealed at both ends, with Teflon end caps, each 1.5 cm in 
length. Thermocouples and temperature measuring 
equipment connect the cylindrical tube to a 
computerized OM-CP-QUADTEMP 4-Channel 
Temperature data logger (Omega, 2017). The cylindrical 
tube is placed within a thermostatically controlled water 
bath. The water bath, used in the study, is a Thermo-
Scientific Precision General-Purpose Water Bath Model 
2845/2846 (Thermo-Scientific, 2008), and has a capacity 
of 18 liters. The water bath was sealed with a 
Polystyrene cover through which a stirrer unit is 
inserted. The stirrer unit is used to ensure uniform water 
temperature in the bath. 
 
Stainless steel was used in constructing the sample 
holder because of its high thermal conductivity ensuring 
that heat transfer will not be impaired during 
experimentation, and also because of its rigidity. A rigid 
cylinder will not deform during experimentation. The 
diameter of the tube was chosen to be large enough to 
ensure a measurable temperature difference between the 
center and the surface of the sample, yet small enough to 
eliminate the initial temperature transient. 
 
Fig. 1: Schematic diagram of the Thermal diffusivity measuring 
apparatus (Tavman et al., 1997) 
To minimize linear heat transfer, between the sample in 
the cylindrical holder and the water in which it was 
immersed, the end caps were made of Teflon. The end 
caps are made of Teflon because Teflon has a low 
thermal diffusivity and this will negligible heat transfer 
in the lateral axis of the tube (Bonno et al., 1996; Blumm 
et al., 2010). The following temperature measurements 
are taken; the temperature of the heating water, Ts; the 
temperature of the outer and inner surfaces of the 
cylindrical tube, To and Ti respectively, and the 
temperature at the centre of the sample Tc 
 
 
2.3 SAMPLE PREPARATION FOR BEANS 
Black eyed beans samples were used in this study. The 
black eyed beans were bought from the local market in 
Lagos, Nigeria. The beans had length ranging from 8 to 
12 mm and diameters ranging from 5 to 7 mm. A large 
portion of the beans were grind and sieved into 5 
particles size ranges. The particle size ranges are BSS 10 
– 20, BSS 20 -40, BSS 40-60, BSS 60 – 80 and BSS 80 - 120 
mesh sizes. The samples were allowed to sit for 24 hours 
to allow the samples to reach a constant temperature.  
 
2.4 EXPERIMENTAL PROCEDURE 
The cylindrical sample holder along the granular sample 
whose thermal diffusivity was to be determined and the 
thermocouples were placed in a water bath. The 
thermocouples are connected to a data logger which is 
set to take temperature measurement simultaneously 
every 5 minutes with a precision of 0.1°C. Each 
experimental run takes about 90 minutes. To avoid 
anomalies and to establish that the experiments are 
reproducible, each experiment is repeated five times and 
the average values are reported. 
 
The beans samples were keep in a constant temperature 
environment of 25oC using the Grant Optima™ LTC2 Kit 
(Grant Scientific, 2012). This was to ensure that the initial 
temperature of the samples was 25°C. Digi-Sense® Type 
K thermocouples which measured temperatures to a The 
plot of the variation in temperature at the center of the 
cylinder with experimentation time is similar to all the 
experiments performed for all particle size ranges at 
50oC and 60oC. A curve fitting exercise established that 
the plots for the temperature at the center of the 
cylinder, follow a two-term exponential relationship 
with experimentation time as presented in equation 5 
during experimentation. A thermal diffusivity apparatus 
filled with the samples was used to measure the time 
variation of the temperature difference between 
thermocouples at the surface and the centre of the tubes.  
 
2.7 ANALYZING THE DATA  
A plot of the constant surface temperature and 
temperature at the centre against time is made. Also, the 
natural log of the temperature difference between the 
constant surface temperature and temperature at the 
centre is plotted against time, and the slope   of this 
graph is determined using linear regression. The 
Thermal diffusivity is then calculated from the slope,  , 
according to the equation 3. 
 
3 RESULTS AND DISCUSSIONS 
3.1 MODELLING THE TEMPERATURE VERSUS TIME 
RELATIONSHIP  
Plots of the wall temperature and temperature at the 
centre of the cylinder, against experimentation time for 
the beans samples at 50oC and 60oC are presented in 
Figures 2 and 3 respectively.  
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Fig. 2: Plot of     vs.   at 50°C 
The plot of the variation in temperature at the center of 
the cylinder with experimentation time is similar to all 
the experiments performed for all particle size ranges at 
50oC and 60oC. A curve fitting exercise established that 
the plots for the temperature at the center of the 
cylinder, follow a two-term exponential relationship 
with experimentation time as presented in equation 4 
 
     
        (4) 
Where  
 Tc is the temperature at the center of the 
cylinder 
   is experimentation time (minutes) 
             are constant obtained by 
regression analysis 
 
 
Fig. 3: Plot of     vs.   at 60°C 
The curve fitting exercise was done using the Matrix 
Laboratory Software – MATLAB (MathWorks, 2016). 
The correlation coefficient, R2, the adjusted correlation 
coefficient, Adj. R2, and the Root-mean-square-error, 
RMSE, are the parameters used to evaluate the 
suitability of the data to the equation. The methods of 
estimating R2, Adj. R2, and RMSE are discussed 
extensively in the literature (Ogunnaike, 2011; Johnson, 
2017). Table 1 and 2 presents the results of the curve 
fitting analysis for the experiments carried out at 50oC 
and 60oC respectively. 
 
3.2 THERMAL DIFFUSIVITY ESTIMATION 
The plots of the natural logarithm temperature 
difference between the wall surface and the center of the 
tube vs time for the different sample are show in Figures 
4 and 5 for the experiments performed at 50oC and 60oC 
respectively.  
 
Equation 1 is used to estimate the Thermal Diffusivity of 
the samples after experimentation. For each experiment, 
using the temperature-history data recorded, the 
constants A and B in Equation 2 is determined. The 
values of A and B are shown in Tables 3 and 4 for the 
experiments performed at 50 and 60oC respectively. The 
radius, R, and the length, l, of the thermal diffusivity 
tube are 2.5 cm and 25 cm respectively. With these 
radius and length values, the thermal diffusivity values 
are determined using Equation 3. Presented in Table 5 
are the estimated thermal diffusivity values. As 
observed, the thermal diffusivity decreases as the 
particle size decrease, for both the experiments 
performed at 50oC and 60oC. Also, the thermal 
diffusivity is found to increase as the temperature of the 
wall temperature increases. This characteristic is 
consistent with studies done on Mung Beans (Vigna 
Radiata) by Ravikanth et al., (2012). The implication is 
that for any particle size range, the thermal diffusivity 
increases the larger the thermal disturbance. 
 
While no documentation was found in the literature that 
considered the thermal diffusivity of black-eye beans, 
the thermal diffusivities values of 4.70 x 10-8 to 7.68 x 10-8 
obtained in this study, lie within the general range 4.214 
x 10-08 to 3.583 x 10-07 m2s-1 for grains investigated by 
Aviara et al., (2008) and Ravikanth et al., (2012).  
 
 
Fig. 4: Plot of            vs. t at 50°C 
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Table 1. Statistics on the Variation of temperature at the centre against time of beans at 50°C 
Sample Mesh Sizes Constants R
2 Adj. R2 RSME 
Whole Grain 
a = 6.68E+01 b =  -1.87E-03 
0.991 0.988 0.896 
c = -4.21E+01 d = -4.28E-02 
BSS 10 – 20 
a = 6.45E+01 b =  -2.88E-02 
0.992 0.990 0.654 
c = -3.71E+01 d = -3.21E-02 
BSS 20 – 40 
a = 8.38E+04 b =  -8.75E-03 
0.995 0.993 0.637 
c = 8.38E+04 d = -8.76E-03 
BSS 40 – 60 a = 
6.21E+01 b =  -1.89E-03 
0.997 0.996 0.446 
c = -3.62E+01 d = -2.42E-02 
BSS 60 – 80 a = 
4.94E+01 b =  -3.47E-04 
0.995 0.994 0.449 
c = -2.14E+01 d = -5.36E-02 
BSS 80 - 120  
a = 5.66E+01 b =  -1.93E-03 
0.989 0.987 0.721 
c = -2.97E+01 d = -3.59E-02 
 
Table 2. Statistics on the Variation of temperature at the centre against time of beans at 60°C 
Sample Mesh Sizes Constants R2 Adj. R2 RSME 
Whole Grain 
a = 3.87E+04 b =  -1.87E-03 
0.997 0.996 0.619 
c = -3.86E+04 d = -1.17E-02 
BSS 10 – 20 
a = -2.24E+03 b =  -9.75E-03 
0.990 0.988 1.167 
c = 2.27E+03 d = -9.20E-03 
BSS 20 – 40 
a = 6.45E+03 b =  -2.89E-01 
0.993 0.992 0.908 
c = -6.40E+03 d = -2.92E-01 
BSS 40 – 60 
a = 6.82E+01 b =  -1.68E-03 
0.994 0.993 0.830 
c = -4.16E+01 d = -3.92E-02 
BSS 60 – 80 
a = 1.93E+04 b =  -1.12E-02 
0.981 0.976 1.727 
c = -1.93E+04 d = -1.13E-02 
BSS 80 - 120  
a = 6.68E+01 b =  -1.87E-03 
0.984 0.980 1.369 
c = -4.21E+01 d = -4.28E-02 
 
Table 3. Relationship between logarithm temperature 
difference and time of the beans samples 50°C 
Sample Mesh Size A B 
Whole Grain 3.3912 -0.0427 
BSS 10 – 20 3.3706 -0.0395 
BSS 20 - 40  2.8776 -0.0392 
BSS 40 – 60 3.2009 -0.0344 
BSS 60 – 80 2.7527 -0.0290 
BSS 80 – 120 2.8485 -0.0268 
 
Table 4. Relationship between logarithm temperature 
difference and time of the beans samples 60°C  
Sample Mesh Size A B 
Whole Grain 3.5167 -0.0438 
BSS 10 – 20 3.6566 -0.0418 
BSS 20 - 40  3.4713 -0.0410 
BSS 40 – 60 3.3087 -0.0378 
BSS 60 – 80 3.5513 -0.0363 
BSS 80 – 120 3.2184 -0.0300 
 
Table 5. Thermal Diffusivity of sample 
 R = 2.5cm l = 25 cm 
Thermal diffusivity (m2s—1) 
Sample Mess Size 50oC 60oC 
Whole Grain 6.94E-08 7.68E-08 
BSS 10 – 20 6.87E-08 7.33E-08 
BSS 20 - 40  6.38E-08 7.19E-08 
BSS 40 – 60 6.03E-08 6.63E-08 
BSS 60 – 80 5.08E-08 6.36E-08 
BSS 80 – 120 4.70E-08 5.26E-08 
 
 
 
Fig. 5: Plot of            vs. t at 60oC 
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4 CONCLUSION 
The Thermal Diffusivity of samples of black-eyed beans 
ground to the following mesh sizes, BSS 10 – 20, BSS 20 – 
40, BSS 40 – 60, BSS 60 – 80, and BSS 80 - 120 were 
estimated using a simple apparatus, that employed the 
transient heat conduction method. In each experiment, 
the temperature of the samples was increased from 25oC 
to 50oC and 60oC respectively, and the temperature 
history data of the samples were recorded. 
 
The thermal diffusivity values varied between 4.70 x 10-8 
and 6.94 x 10-8 m2s-1, and 5.26 x 10-8 and 7.68 x 10-8 m2s-1 
when the temperature was increased from 25oC to 50oC 
and 60oC respectively. These values were similar to the 
general range 4.214 x 10-8 to 3.583 x 10-7 m2s-1 for grains 
investigated by Aviara et al., (2008) and Ravikanth et al., 
(2012). Moreover, the thermal diffusivities values 
obtained were observed to decrease as the particles size 
of the samples decreased. Also, the thermal diffusivity 
values were higher when the temperature of the samples 
was increased to 60oC rather than 50oC for any of the 
range of particle sizes. 
  
As one post-harvest operation is to store grains like 
wheat, corn, millet, rice, etc. in warehouses before they 
are used, it is recommended that the thermal 
diffusivities of these products be estimated, as they will 
be useful in determining the behaviour of these products 
when stored. 
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